We found that Vibrio furnissii can utilize aerobactin (AERO) as a xenosiderophore. A homology search of its genome revealed that this bacterium possesses genes encoding an AERO-mediated iron acquisition system similar to that of V. vulnificus. The system consists of the ABC transporter gene vatCDB, the GntR-type transcriptional repressor gene iutR, and the outer membrane receptor gene iutA. The functions of the vatCDB operon and iutA in V. furnissii were confirmed by the inability of the corresponding deletion mutants to utilize AERO. Reverse transcription-quantitative PCR revealed that iutA transcription under iron-limiting conditions was extensively activated by the addition of AERO to the growth medium; therefore, we focused on elucidating this phenomenon. Electrophoretic mobility shift and DNase I footprinting assays revealed that glutathione S-transferase-fused IutR (GST-IutR) bound directly to a specific palindromic sequence in the iutA promoter region. However, GST-IutR did not bind to this sequence when either AERO or ferric AERO was present in the assay mixture. These in vitro findings suggest that, under iron-limiting conditions, iutA transcription in V. furnissii is artfully regulated both by IutR, acting as a direct repressor of iutA, and by AERO, acting as an effector for IutR, leading to the derepression of iutA transcription.
INTRODUCTION
Iron is an essential element required for survival and proliferation of almost all bacteria. Although iron is an abundant element on earth, it is often a limiting factor of bacterial growth in aerobic environments. This paradox is due to the fact that iron becomes oxidized to its highly insoluble ferric state, and thus it is not readily available for uptake by bacteria (Ratledge and Dover 2000; Andrews, Robinson and Rodriguez-Quinones 2003) . Therefore, most bacteria have adapted to this iron restriction by producing siderophores, low-molecular weight compounds exhibiting very high affinity for ferric iron (Hider and Kong 2010) . In Gram-negative bacteria, iron-bound siderophores, called ferric siderophores, are transported across the outer and inner membranes by specific iron-repressible outer membrane receptors and ATP-binding cassette (ABC) transporters, respectively (Andrews, Robinson and Rodriguez-Quinones 2003) . Moreover, the transport process across the outer membrane requires a complex of three inner membrane proteins, TonB-ExbB-ExbD, to transduce the energy of proton motive force (Postle and Larsen 2007) . In addition to acquiring iron via their cognate siderophores, many bacteria also possess uptake systems for xenosiderophores produced by other bacteria or fungi, allowing for 'siderophore piracy' (Schubert, Fischer and Heesemann 1999) . Furthermore, the expression of many genes involved in siderophore biosynthesis and its uptake is regulated by the ferric uptake regulator (Fur), which is a ubiquitous global repressor in Gram-negative bacteria (Hantke 2001) . When intracellular iron concentration increases, Fur binds ferrous iron, and the FurFe 2+ complex interacts with a consensus sequence, called the Fur box, in the promoter regions of Fur-targeted genes, thereby blocking transcription initiation of the respective genes. In contrast, under iron-limiting conditions, the Fur-targeted genes are expressed.
Members of the genus Vibrio are Gram-negative and usually motile rods that are widespread in estuaries and marine waters. Of the more than 70 species, at least 12 species cause the illness vibriosis, symptomized by gastroenteritis, wound infection, and septicemia, either through the consumption of contaminated seafood or by exposure of wounds to seawater and marine animals (Nishibuchi 2006) . Vibrio furnissii, first described as a gasproducing biogroup of V. fluvialis, is a pathogenic species that has been implicated in occasional outbreaks of acute gastroenteritis (Brenner et al. 1983; Dalsgaard et al. 1997) . Like V. fluvialis (Yamamoto et al. 1993) , V. furnissii produces a cognate catecholtype siderophore, called fluvibactin, under iron-limiting conditions (our unpublished data). In addition, V. furnissii can capture iron by a hydroxamate-type xenosiderophore, called desferrioxamine B (DFOB), through the DesA receptor for ferrioxamine B (FOB, an iron-bound form of DFOB); the expression of desA is transcriptionally regulated not only by the Fur repressor but also by the DesR activator (Tanabe et al. 2011) . In this study, we also found that, like V. vulnificus (Tanabe et al. 2005) , V. furnissii can utilize a xenosiderophore aerobactin (AERO) and possesses the gene homologous to iutR encoding GntR-type transcriptional repressor, in addition to vatCDB encoding ABC transporter for ferric AERO and iutA encoding ferric AERO receptor. It has been reported that most GntR family members require specific effector molecules to abolish their repressor activities (Tropel and van der Meer 2004; Hoskisson and Rigali 2009 ). As such, we mainly investigated the functional role of IutR in the transcriptional regulation of iutA in association with AERO as an effector molecule.
MATERIALS AND METHODS

Bacterial strains, plasmids, growth conditions and primers
Vibrio furnissii ATCC35016 (type strain) (Brenner et al. 1983 ) isolated from human feces was used in this study. Vibrio furnissii strains including its mutants were incubated in Luria-Bertani (LB, iron-replete) medium containing 3% NaCl at pH 7.0. Escherichia coli β2155 (Demarre et al. 2005) , a 2,6-diaminopimelate auxotroph, was cultivated in LB medium containing 0.5% NaCl and 0.5 mM 2,6-diaminopimelate at pH 7.0. To impose ironlimiting conditions on V. furnissii strains, 2,2 -dipyridyl (DPD) was added to the LB medium at a final concentration of 250 μM (LB + DPD medium). As needed, antibiotics were used at the following concentrations: ampicillin, 100 μg mL -1 ; carbenicillin, 100 μg mL -1 ; and chloramphenicol 30 μg mL -1 . The oligonucleotide primers used in this study are listed in Table S1 (Supporting Information).
Construction of V. furnissii deletion mutants
Standard DNA manipulation was performed according to the procedures of Sambrook and Russell (2001) . Gene deletions in the V. furnissii genome were constructed by allelic exchange using the suicide plasmid pCVD442 (Donnenberg and Kaper 1991) , as previously described (Tanabe et al. 2011) . Briefly, DNA fragments with deletion in vatCD, iutR, and iutA were prepared by overlap extension PCR (Heckman and Pease 2007) , as previously described (Tanabe et al. 2010) . Each PCR fragment was digested with an appropriate restriction enzyme to be ligated into pCVD442. The resulting plasmid was transformed into E. coli β2155 and then mobilized into V. furnissii ATCC35016 by filter mating. Ampicillin-resistant merodiploids were cultured overnight at 30
• C in LB medium with 10% sucrose and 1% NaCl, and sucrose-resistant and ampicillin-sensitive mutants were then selected on agar plates with the same composition. The identity of the resulting vatCD, iutR, and iutA deletion mutants ( vatCD, iutR, and iutA, respectively) was verified by PCR of their chromosomal DNAs (data not shown). To complement iutR, the PCR fragment containing intact iutR gene was ligated into a broad-host-range plasmid pRK415 (Keen et al. 1988) , and the resulting plasmid pIUTR was transformed into iutR.
Growth assay
Overnight-cultured V. furnissii cells were inoculated into LB or LB + DPD medium at an optical density at 600 nm (OD 600 ) of 0.005. When required, LB + DPD medium was supplemented with AERO at a final concentration of 10 μM (LB + DPD + AERO medium). The cultures were shaken at 70 rpm at 37
• C, and the OD 600 was measured every 2 h with a biophotorecorder TVS062CA (Advantec, Tokyo, Japan).
RNA analysis
Overnight-cultured V. furnissii cells were inoculated into LB, LB + DPD, or LB + DPD + AERO medium at an OD 600 of 0.005, and then shaken at 70 rpm at 37 • C to reach an OD 600 of 0.3 to 0.6. Cells harvested were treated with the RNAprotect Bacteria Reagent (Qiagen, Venlo, Netherlands), according to the manufacturer's instructions, and then total RNA was prepared using the TriPure Isolation Reagent (Roche, Basel, Switzerland), according to the manufacturer's instructions. Reverse transcriptase quantitative PCR (RT-qPCR) was carried out using Thunderbird SYBR qPCR Mix (Toyobo, Osaka, Japan) in a Chromo4 Real-Time PCR detection system (Bio-Rad, Hercules, CA, USA). The relative mRNA expression levels were determined by the comparative threshold cycle method, using 16S rRNA expression level as an internal control.
Primer extension was performed with the VfuriutR-R primer, which had been 5 -labeled with Texas Red prior to use. The Texas Red labeled primer was annealed to 20 μg of total RNA and extended with avian myeloblastosis virus reverse transcriptase (NipponGene, Tokyo, Japan) at 50
• C for 90 min. The primer extension products were then electrophoresed alongside a DNA sequencing ladder on a sequencing gel using an SQ5500E DNA sequencer (Hitachi High-Tech, Tokyo, Japan).
Overexpression and purification of N-terminal glutathione S-transferase-fused IutR
The coding region of V. furnissii iutR was amplified by PCR with a set of primers, VfuriutR-cold-NdeI/VfuriutR-cold-EcoRI (Table S1 , Supporting Information). The PCR fragment was ligated into the NdeI and EcoRI sites in the pCold-glutathione Stransferase (GST) expression vector (Takara, Shiga, Japan), yielding the pCold-GST-IutR plasmid. Escherichia coli BL21(DE3)pLysS (Thermo Fisher Scientific, Waltham, MA, USA) transformed with pCold-GST-IutR was grown in LB medium with carbenicillin and chloramphenicol at 37
• C to an OD 600 of 0.5, and then incubated for 30 min at 4
• C, following which the expression of GST-IutR was induced by isopropyl thiogalactoside to a final concentration of 0.5 mM at 15
• C for 16 h. The harvested cells were disrupted by sonication in PBS, and the supernatant was passed through a 0.45 μm pore size filter prior to loading it onto GSTrap FF affinity column (GE Healthcare, Chicago, IL, USA). The column was washed with 10x column volumes of PBS, followed by elution with buffer A (50 mM Tris-HCl, 10 mM reduced glutathione, pH 8). Pooled fractions containing GST-IutR were concentrated and desalted by buffer exchange in buffer B (50 mM Tris-HCl, 50 mM KCl, 1 mM DTT, 40% glycerol, pH 7.5) using Vivaspin 20 (Sartorius, Gottingen, Germany). Protein concentration was assayed by the Lowry method.
Electrophoretic mobility shift assay of the iutA promoter region
Electrophoretic mobility shift assay (EMSA) was carried out with fluorescein-labeled DNA fragments amplified by PCR as a probe. The oligonucleotide primers used for amplifying the fluoresceinlabeled probes 1 to 4 are listed in Table S1 (Supporting Information). Binding of purified GST-IutR to each fluorescein probe was allowed to proceed for 30 min at room temperature in 10 μL of the reaction mixture containing 0.01% BSA, 0.1 μg μL -1 poly(dIdC), 20 nM labeled probe, and GST-IutR in buffer C (20 mM BisTris borate, pH 7.5, 50 mM KCl, 1 mM MgCl 2 , 5% glycerol). For competition experiments, 100 nM of unlabeled probe 1 was included in the reaction mixture. The reaction mixtures were then loaded on a 5% native polyacrylamide gel and run with 20 mM Bis-Tris borate, pH 7.5, at room temperature. Gel images were analyzed with a LAS-3000 gel imager (Fujifilm, Tokyo, Japan) using an excitation wavelength of 460 nm and an emission bandpass filter of 515 nm.
DNase I footprinting assay for the iutA promoter region
The double-stranded DNA probes labeled with Texas Red for DNase I footprinting experiments were prepared by PCR using VfuriutA-pro-F and VfuriutR-R primers with a combination of one 5 -Texas Red labeled primer and the other unlabeled primer.
The binding between GST-IutR and the iutA promoter region was performed in a 40 μL reaction mixture consisting of 0.5 pmol Texas Red labeled probe and 25 pmol GST-IutR in buffer C. As needed, 50 nmol of AERO, ferric AERO, DFOB, or FOB was included in the reaction mixture. After allowing the binding reaction to proceed for 30 min at room temperature, each reaction mixture was mixed with 10 μL of 0.01 U μL -1 DNase I, and treated for 12.5 min at 30 • C. Each reaction was ended by phenol-chloroform extraction followed by ethanol precipitation. The pellets were dissolved in 2 μL formamide loading dye, denatured for 5 min at 100
• C, and separated using an SQ5500E DNA sequencer on a sequencing gel along with a DNA sequencing ladder obtained with the same labeled primer as a marker.
Nucleotide sequence accession number
Nucleotide sequences of the V. furnissii ATCC35016 vatCDB, iutR and iutA genes have been deposited in the EMBL/GeneBank/DDBJ database under the accession number LC374365.
RESULTS AND DESCUSSION
Utilization of AERO by V. furnissii
The growth of V. furnissii ATCC35016 was repressed in the LB + DPD medium, whereas the bacterium was able to grow in the LB + DPD + AERO medium (Fig. 1) , indicating that it can utilize AERO as a xenosiderophore for growth. To identify an outer membrane receptor (OMR) gene responsible for acquiring ferric AERO, a BLAST search of the V. furnissii NCTC 11218 genome (Lux, Lee and Love 2014) was performed. As a result, we found a potential IutA ortholog (Vfu B00454) 83% identical to the ferric AERO receptor IutA of V. vulnificus M2799 (Tanabe et al. 2005) . It was also found that proteins (Vfu B00458-00455; 67-81% identity) homologous to VatCDB (ABC transporter for ferric AERO) and IutR (GntR-type transcriptional repressor) of V. vulnificus (Tanabe et al. 2005) were encoded immediately upstream of V. furnissii iutA ( Fig. 2A) . This is in accordance with the findings that GntR-type regulators are often located adjacent to the genes that they control (Hoskisson and Rigali 2009 (Finn et al. 2017) further revealed that IutR contains an N-terminal helix-turn-helix DNA-binding domain and a C-terminal ligand (effector) binding domain characteristic of many members of the GntR family regulators (Fujita and Miwa 1989; Tropel and van der Meer 2004) . To study whether V. furnissii VatCDB and IutA are involved in AERO utilization, the vatCD and iutA mutants were generated from V. furnissii ATC35016 to carry out growth assay. As a result, both the vatCD and iutA mutants were unable to grow in the LB + DPD medium even in the presence of AERO (Fig. 1) , demonstrating that the V. furnissii VatCDB and IutA function as the ABC transporter and OMR, respectively, for uptake of ferric AERO.
Transcriptional regulation of V. furnissii iutA, vatC and iutR
Vibrio furnissii iutA possesses a putative Fur box sharing 11/19 nucleotide matches with the E. coli consensus Fur box (de Lorenzo et al. 1987) (Fig. 2A) , suggesting that expression of iutA is regulated by iron in an Fur-dependent manner. To examine the effect of the putative Fur box for iutA on its transcription, RT-qPCR analysis was performed with total RNA from V. furnissii cells.
In the ATCC35016 wild-type strain, the transcriptional level of iutA was significantly high in the LB + DPD medium relative to that in the LB medium (Fig. 2B) , at least showing that the Fur box-mediated regulation is modestly running for iutA transcription. In contrast, the transcriptional levels of V. furnissii iutR and vatC were barely affected even under iron-limiting conditions (in the LB + DPD medium), coincident with the absence of putative Fur boxes in their promoter regions (data not shown). More importantly, iutA was transcribed with much higher efficiency in the LB + DPD + AERO medium than in the LB + DPD medium (Fig. 2B) . This indicated that, even under iron-limiting conditions leading to elimination of the Fur-mediated repression, maximal induction of iutA transcription did not occur unless AERO (or ferric AERO) was present in the growth medium. In contrast to the wild-type strain, iutR mutant strain transcribed iutA at a high level in the LB + DPD medium irrespective of the presence and absence of AERO (Fig. 2B) . On the other hand, when grown in the LB + DPD medium without AERO, the iutR/pRK415-iutR complementing strain showed an obvious reduction in iutA transcription (Fig. 2B) , indicating the recovery of the IutR repressor activity in this strain. Based on these results, we considered that, under iron-limiting conditions, IutR may be a functional regulator resulting in repression but not in activation of iutA transcription, and AERO and/or its ferric complex may act as potential effector molecules to disable the repressor activity of IutR. Furthermore, primer extension analysis of total RNA sample from V. furnissii ATCC35016 grown in the LB + DPD + AERO medium identified a transcriptional start site within the putative Fur box sequence for iutA (Fig. 2C) , while no clear extension bands were observed for total RNA samples grown both in the LB and in LB + DPD media (Fig. 2C) , consistent with the results shown for the wild-type strain in Fig. 2B .
Binding of purified GST-IutR to the iutA promoter region
In general, GntR-like repressors can regulate their own transcription and other target genes by directly binding to the consensus sequence 5 -(N)yGT(N)xAC(N)y-3 in their promoter regions (Rigali et al. 2002) . A palindromic sequence 5 -TATTGT(N) 16 ACAATA-3 (with underlined letters representing conserved nucleotides) consistent with this consensus sequence was found to span at positions -37 to -9 relative to the iutA transcriptional start (+1) in the iutA promoter region ( Fig. 2A) . In addition, judging from the results obtained from RTqPCR and primer extension analyses of iutA, it was speculated that IutR repressed iutA transcription through its direct binding to the iutA promoter region. To test this hypothesis, EMSA was carried out with purified GST-IutR together with a series of fluorescein-labeled DNA probes (probes 1 to 4) that contains the iutA promoter region spanning the base positions -152 to +239 from the iutA transcriptional start site (Fig. 3A) . EMSA results showed that GST-IutR was able to bind to labeled probe 1 (with positions −152 to +239) and, to a lesser extent, to labeled probe 2 (with positions -41 to +239) at 1 μM of GST-IutR (Fig. 3B , arrowheads in probes 1 and 2). Moreover, 100 nM of unlabeled probe 1 (competitor) competed against labeled probe 1 for GST-IutR binding (Fig. 3B) . However, GST-IutR could not bind to both probes 3 (with positions -8 to +239) and 4 (with positions -152 to +239 but positions -37 to -9 deleted) (Fig. 3B , probes 3 and 4). These results indicate that IutR can specifically recognize the palindromic sequence motif present in the iutA promoter region, and that the shifted bands might be composed of GST-IutR and the DNA fragments with the palindromic sequences.
Certification of direct binding and liberation of IutR to and from the palindromic sequence
To determine more precisely the IutR-binding sequence in the iutA promoter region, DNase I footprinting assay was subsequently carried out with both 5 DIG-labeled coding and non-coding fragments including the respective palindromic sequences. Both the palindromic sequences on the coding and noncoding strands were cleaved by DNase I in the absence of GST-IutR (Fig. 4, lanes 1 and 7) ; however, GST-IutR protected the DNA sequences between positions -37 and -7 on the coding strand and between positions -40 and -10 on the non-coding strand from digestion by DNase I (Fig. 4, lanes 2 and 8) . This indicates that the palindromic sequence on double-stranded DNA corresponds to the IutR-binding site, consistent with the fact that most GntR members bind as dimers to 2-fold symmetric DNA sequences in which each monomer recognizes a half-site (Rigali et al. 2002) . Whereas, in the presence of AERO and ferric AERO, the palindromic sequences were digested by DNase I (Fig. 4, lanes 3 , 4, 9 and 10), showing evident liberation of IutR from the palindromic sequence. In the case of AERO, an additional experiment was carried out: prior to adding AERO, the reaction mixture was pretreated with ethylenediamine-N,N -di(ohydroxyphenylacetic acid) at 1.25 mM to mask a trace amount of ferric ion possibly present in the reaction mixture. The result obtained was essentially the same as that without pretreatment ( Fig. S1 ) (Supporting Information). In contrast, in the presence of another hydroxamate-type siderophore, DFOB, and its ferric complex, FOB, as references, the palindromic sequences were protected against DNA I digestion (Fig. 4 , lanes 5, 6, 11 and 12). These in vitro results suggest that the palindromic sequence in the iutA promoter region functions as the direct IutRbinding site to bring about the repression of iutA transcription, and that IutR is released from its binding site to induce iutA transcription through interaction of AERO or ferric AERO with the C-terminal effector binding domain of IutR. However, it is conceivable that AERO rather than ferric AERO is an actual intracellular effector molecule because, when ferric hydroxamatetype siderophores, including ferric AERO, are transported into the bacterial cytoplasm, they have been reported to be converted in a short time into AERO and ferrous ion by ferric siderophore reductases such as FhuF and IutB (Matzanke et al. 1991; Matzanke, Anemüller and Schümann et al. 2004; Kawano et al. 2017) . Vibrio furnissii NCTC11218 also possesses an iutB ortholog (vfu A01853). 
Distribution of iutR and iutA orthologs among other human pathogenic Vibrio species
Using BLAST search, we examined whether iutR and iutA orthologs were distributed among the whole-genome sequences of other human pathogenic Vibrio species. The results showed that, in addition to V. furnissii and V. vulnificus, V. fluvialis also possesses iutR and iutA orthologs, which are clustered together with the transport genes for ferric AERO (Fig. 5) . Vibrio mimicus and V. hollisae possess the complete AERO-mediated iron acquisition system consisting of AERO biosynthesis genes in addition to the receptor gene and transport genes for ferric AERO, whereas no iutR ortholog was detected in these species (Fig. 5 ) (Moon et al. 2004; Suzuki et al. 2006) . Although no iutR ortholog was found in V. parahaemolyticus (Funahashi et al. 2003) , V. alginolyticus and V. harveyi, these species possess iutA orthologs located in discrete genetic clusters without linking to the ferric AERO transport genes (Fig. 5) . Both iutA and iutR are absent from V. cholerae, V. cincinnatiensis, V. damselae (Photobacterium damselae) and V. metschnikovii. Although Pseudomonas aeruginosa can utilize AERO as a xenosiderophore, it carries an iutA ortholog chtA (Cuív, Clarke and O'Connell 2006) , but not an iutR ortholog. In addition, any gene cluster consisting of both iutR and iutA orthologs was not detected by BLAST search against the whole-sequenced genomes of other pathogenic bacterial species.
In conclusion, this study provides evidence that V. furnissii IutR can bind directly to the palindromic sequence in the promoter region of iutA encoding the outer membrane receptor for ferric AERO to repress iutA transcription, and that, under iron-limiting conditions, AERO can function as an effector molecule, by which IutR is released from its binding site to induce iutA transcription (Fig. 6) . The IutR protein is the first example of a transcriptional repressor involved in expression of the siderophore-mediated iron acquisition genes. Such regulation systems for iutA transcription by IutR in V. furnissii, V. fluvialis and V. vulnificus would be invoked sensitively and effectively in response to ferric AERO present in their surroundings. This strategy for siderophore piracy must be highly advantageous to these species when they compete with other neighboring microbes for survival and proliferation in various niches (Barber and Elde 2015) . Crystal structure analyses will be helpful to understand in more detail how IutR interacts with the DNA palindromic sequence as well as its effector molecule. (Kawano et al. 2017) are colored in pink and purple, respectively. The dark-colored fhuA and shiF genes encode the ferrichrome receptor (Funahashi et al. 2009 ) and likely an exporter belonging to the major facilitator superfamily, respectively. The ABC transporter operon (fhuCDB) in V. parahaemolyticus is common to ferric AERO and ferrichrome (Funahashi et al. 2009). Vfur, V. furnissii; Vv, V. vulnificus; Vflu, V. fluvialis; Vm, V. mimicus; Vho, V. hollisae; Vp, V. parahaemolyticus; Va, V. alginolyticus; Vha, V. harveyi. Figure 6 . Proposed model for IutR-mediated transcriptional regulation of iutA encoding the iron-repressible ferric AERO receptor. The IutR binds the palindromic sequence located in the iutA promoter region to repress iutA transcription (iutA mRNA; thin wavy arrow) even under iron-limiting conditions. However, IutR forms an intracellular complex with AERO which is taken up from the surrounding environments to release itself from the palindromic sequence. As a result, the promoter of iutA becomes fully active, and iutA is most abundantly transcribed (thick wavy arrow).
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